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Chapter 4 
Networked Capabilities 
for Sustainable Energy 
Solutions
By Pedro Parraguez and Anja Maier, Department of Management Engineering,  
Technical University of Denmark
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A network overview of sustainable energy 
capabilities
The research, development and deployment of 
large-scale sustainable energy solutions is one of 
the greatest social challenges of our time. Tack-
ling this challenge requires a systems perspective revealing 
the connections between the wealth of relevant scientific 
knowledge available across the natural engineering and so-
cial sciences. It also requires new approaches to orchestrate 
and integrate complex systems into uncertain environments 
while simultaneously taking regulations, economic con-
cerns and changes in human behaviour into account.
For these reasons, now more than ever we need to lever-
age and develop further all the potential of R&D ecosystems 
effectively and efficiently. To do so, we propose to start by 
understanding the capabilities embedded in existing R&D 
networks and the connections between the resources and 
the knowledge that those networks already contain.
To illustrate this with a concrete example, this chapter pro-
vides a network overview of the capabilities that are avail-
able through DTU’s R&D ecosystem to research, develop 
and deploy clean energy solutions. To provide this overview, 
this chapter offers a data-driven system analysis of the eight 
energy challenges covered in this report. These challenges 
are inspired by Mission Innovation (2017) and consist of 
“Smart Grids”, “Off-Grid Access to Electricity”, “Carbon 
Capture”, “Sustainable Biofuels”, “Converting Sunlight”, 
“Clean Energy Materials”, “Affordable Heating and Cooling 
of Buildings” and “Energy Storage”.
Challenges and opportunities
Due to the rapid development of highly specialised technol-
ogies, mounting environmental challenges and heightened 
competition, there is increased pressure to develop more 
sustainable energy solutions [2; 3]. For individual compa-
nies acting on their own, it is often impossible to improve, 
develop and/or deploy new energy solutions. The growing 
consensus appears to be that sustainable energy solutions 
require concerted inter-organisational efforts to combine 
existing resources and capabilities [4–6]. In fact, several 
industrial practices connected to the inter-organisational 
development of cleaner and more sustainable production 
systems have been identified [e.g. 7; 8]. Such multi-stake-
holder industrial practices include projects described as in-
dustrial symbiosis, circular economy, eco-industrial parks, 
eco-clusters and sustainable supply chains, as well as other 
initiatives described as green partnerships and ad-hoc col-
laborations aimed to support sustainable energy. More gen-
erally, outside the cleaner production domain, these types 
of multi-stakeholder practices can be framed as open inno-
vation projects, joint ventures, alliances, and other forms of 
inter-organisational collaborative projects [e.g. 9; 10].
Among the many technology sectors connected to the de-
velopment of more sustainable energy systems are energy 
efficiency, energy storage, carbon capture, heating and cool-
ing, intelligent energy, smart grids, wind, solar and other 
renewable energies, and bioenergy [11; 12]. This industrial 
landscape constitutes a diverse set of evolving interlocked 
technologies and organisations, which are unfortunately 
often misrepresented by the currently rigid industrial cat-
egorisation schemes and traditional industrial cluster anal-
yses [13–15].
To foster the development of new sustainable energy solu-
tions, numerous national and international innovation net-
works, cluster organisations, associations and funding pro-
grammes have been created. These initiatives are supported 
by industry, the public sector and non-governmental organ-
isations (NGOs) with the purpose of facilitating informa-
tion flow, coordination and access to resources [16]. Recent 
examples of such initiatives include multi-stakeholder part-
nerships by the United Nations to support fulfilment of the 
Sustainable Development Goals, the Danish project “Com-
plex Cleantech Solutions” and its successor “CLEAN Solu-
tions”, UNIDO’s “Global Cleantech Innovation Programme”, 
the European Union’s “Climate Knowledge and Innovation 
Community” (Climate KIC), Innoenergy and the “Sustain-
able Energy for All” initiative, to name just a few.
Despite the potential envisaged, the resources invested and 
the broad public and private backing that inter-organisa-
tional support initiatives receive, both the companies par-
ticipating in these projects and the organisations supporting 
such initiatives report problems related to the challenge of 
developing inter-organisational projects and identifying ca-
pabilities to fill technological gaps  in a timely manner [2;17]. 
Recurrent problems include a limited overview of the indus-
trial landscape of technological capabilities [18; 19], diffi-
culties in finding and assessing collaboration partners based 
on capability complementarities [20; 21], difficulties in both 
intra- and inter-organisational cross-disciplinary collabora-
tion [22], and tensions between intellectual property rights 
and open collaboration [23]. These problems are not always 
related to the exchange of materials or energy per se, but 
rather to the exchange of information and non-material re-
sources in the form of knowledge, know-how and technolo-
gies [10; 24]. As a consequence, we see an increased need for 
a more systematic mapping of the capabilities found in R&D 
ecosystems in order to achieve a better overview of the net-
works of technologies, knowledge and know-how that are 
available for solving complex socio-technical problems such 
as the development and implementation of new sustainable 
energy solutions.
In this context, R&D ecosystems can be described as sets 
of research and development organisations embedded in a 
network and characterised by inter-organisational relations, 
shared objectives, shared resources and/or exchanges of ma-
terials, energy and information. Relations that can lead to 
→
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beneficial interactions and inter-dependencies among the 
participating organisations and their environment [25]. 
Mapping DTU’s R&D ecosystem of sustainable 
energy solutions
To better understand the capabilities available to research 
and develop sustainable energy solutions and to map the re-
lationships between the eight challenges, we have analysed 
DTU’s energy-related solutions through a curated data set of 
more than 740 ISI publications, sixteen patents, and thirty 
EU-funded projects ranging from the 5th Framework Pro-
gramme (FP5) to Horizon 2020. All of these records have at 
least one participant from DTU and include content rele-
vant to at least one of the eight sustainable energy challenges 
explored in this report.
The procedure for filtering relevant publications, patents 
and EU projects consisted in applying a global content fil-
ter to each of the three databases (publications, patents, 
projects), followed by a manual screening of the results to 
discard false positives. In Boolean form, the keyword-based 
search used for this study was: 
“Smart Grid” OR (“off-grid” AND electric*) OR “carbon cap-
ture” OR “biofuel” OR “convert sunlight” OR “solar energy” 
OR “energy materials” OR [(heating OR cooling) AND (af-
fordable OR cheap OR sustainable)] OR “energy storage” OR 
“smart energy” OR (“mini-grid” AND electric*) OR (“mi-
cro-grid” AND electric*) OR (catalysis AND energy) OR “so-
lar fuels” OR “integrated energy systems” OR “energy system 
analysis” OR “energy access” OR electrification OR (electric-
ity AND “developing countries”) OR “solar home systems”.
The results of this search, although not exhaustive, provide 
records from diverse sources and fields large enough to al-
low a representative overview of content and collaborations 
over the last twenty years. In total, these records connect 
DTU with more than 55 countries and 500 organisations. 
Figure 1 provides a visual summary of the diverse set of re-
gions and organisations that has formed part of DTU’s sus-
tainable energy R&D ecosystem since 2005. 
The main question explored in Figure 1 is, what have been 
DTU’s collaborations in the area of sustainable energy solu-
tions, and how are they distributed geographically and over 
time?
In Figure 1, we can observe the growing relevance of collab-
orations with Asia, which in 2015 exceeded the volume of 
collaborations with the United States. We can also observe 
a steady rise in the number and diversity of collaborations, 
indicating an increasingly complex R&D ecosystem. For ex-
ample, from 2010 onwards, the primary pool of countries 
and organisations changes from being mainly associated 
with developed European countries to a much broader base 
that includes Asia, southern Europe, the United States and 
several emerging countries. This trend reflects an expansion 
in the number of research areas covered, increased ambition 
levels and the significant increase of R&D investment in this 
area by both developed and developing countries, a trend 
that is corroborated by the latest world figures in the “Global 
Trends in Renewable Energy Investment Report” [26].
DTU International Energy Report 2018
Page 32 – Networked Capabilities for Sustainable Energy Solutions
59
59
560
16
19
19
35
35
22 9
4
8
1
8
2
6
3
7
8
9
1
2
2
5 2
1
11
2
2
1
7
2
4
3
2
4
DTU's collaborations: Geographical distribution
20
00
20
03
20
04
20
05
20
06
20
07
20
08
20
09
20
10
20
11
20
12
20
13
20
14
20
15
20
16
0
10
20
30
40
N
um
be
r o
f r
ec
or
ds
CHINA
16
UNITED STATES
9
OTHERS
12
EUROPE
43
DTU's collaborations: Evolution of records over time
ZHEJIANG UNIV
WIND EUROPE
VESTAS
UPPSALA UNIV
UNIV
LISBON
UNIV COPENHAGEN
UNIV COLL DUBLIN
UNIV CALIF BERKELEY
UNIV 
AUTO-
NOMA 
BARCE-
LONA
TSINGHUA UNIV
TNO
TIANJIN UNIV
SWISS FED INST
TECHNOL
STICHTING 
ENERGIEONDERZ
OEK CENTRUM 
NEDERLAND
STATE GRID
ELECT POWER
RES INST
STANFORD UNIV
SLAC NATL
ACCELERATOR
LAB
SINTEF ENERGI AS
ROYAL INST
TECHNOL
POLYTECH PORTO
IPP
POLITECN MILAN
OFFIS INST
INFORMAT
TECHNOL
NOVOZYMES AS
NATL TECH
UNIV ATHENS
NATL
RES
CTR
LUND UNIV
LAWRENCE
BERKELEY NATL
LAB
JOINT BIOENERGY INST
IPP
GUIZHOU UNIV
GEOL SURVEY
DENMARK &
GREENLAND
FUNDACION
CENER-CIEMAT
FRAUNHOFER
GESELLSCHAFT ZUR
FOERDERUNG DER
ANGEWANDTEN
FORSCHUNG E.V.
DONG ENERGY
DANISH
ENERGY
ASSOC
CSIC
CHINESE ACAD SCI
CHALMERS
CENTRE FOR
RENEWABLE
CENT S UNIV
CARL VON OSSIETZKY
UNIVERSITAET
OLDENBURG
AUSTRIAN INST
TECHNOL
ARGONNE NATL
LAB
AARHUS UNIV
AALBORG
UNIVERSITET
AALBORG UNIV
Treemap of DTU's most frequent collaborations by number of records
EINDHO-
VEN UNIV 
TECHNOL
ENERGI-
NET DK
TU DELFT
NORGES
TEKNISK-
NTNU
SSIC
Figure 1. The top left panel shows the geographical distribution of DTU collaborations on the world map. The numbers show 
the records associated with each region. The top right panel plots the number of records over time per geographical region. The 
bottom panel shows a tree map with the most frequent collaborations over time. The size represents the number of records 
connected to each organisation.
 
Mapping the eight sustainable energy 
challenges and their relations
To identify and map the relations between the eight sustain-
able energy challenges, we performed a content co-occur-
rence analysis, following the method described by Van Eck 
and Waltman [27]. In this analysis, DTU’s R&D ecosystem 
is modelled as a network. The nodes are keywords extracted 
from the content of each record in our database. In our case, 
after normalising the keywords, we gathered over 4,000 
terms. The edges between the keywords represent co-occur-
rence relations, of which we reach over 25.000 links. Here, 
a connection between two keywords exists if they are men-
tioned together in at least one record. The more frequently 
two keywords are mentioned together, the stronger the con-
nection between them. 
As the whole analysis was performed on the previously fil-
tered database, we know that each record is relevant for at 
least one of the challenges. In order to identify areas in the 
network that are primarily associated with one or more of 
the challenges, we performed a cluster analysis using Walt-
man, Van Eck, and Noyons’s [28] method to cluster biblio-
metric networks. Each cluster represents a topic area, where 
the connections between the keywords are stronger within 
the cluster to which they are assigned than between other 
clusters. Having identified the main clusters, a qualitative 
inspection of the collection of keywords in each cluster al-
lows the clusters to be mapped to each of the eight challeng-
es. As a result, the left panel in Figure 2 shows the relations 
between the eight challenges as a network, while the right 
panel plots the main keywords associated with each chal-
lenge as an evolution across a fifteen-year timespan.
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Figure 2. Left panel: network of keywords and co-occurrence relations between those keywords. The size of the nodes repre-
sents the frequency of each keyword. The colours show the keyword clusters that are used to identify areas of the network 
associated with the eight challenges. Right panel: evolution over time of each challenge in terms of the raw frequency of the 
main keywords associated with the respective challenge. 
Through the cluster map in the left panel of Figure 2, we 
see that there is only one network component with high 
connectivity within and between the clusters. This can be 
taken as a sign of the strong topical ties between the eight 
challenges in DTU’s overall R&D ecosystem. We also found 
that, if we divide the network into two sides, some interest-
ing patterns emerge. 
The right side of the network concentrates challenge areas 
where research and development often interface with policy, 
human behaviour, regulations and large engineering-system 
integrations. For example, the clusters on the right side, as-
sociated with the challenges of energy storage, heating and 
cooling, smart grid and off-grid access to electricity, are fre-
quently connected to keywords such as systems, integration, 
behaviour, uncertainty and management. Another interesting 
feature of this region is the position that energy storage oc-
cupies between smart grids and clean energy materials. This 
can be explained by the dependencies between different en-
ergy storage solutions, the advanced new materials required 
to make them possible, and the implications of this for the 
future of the overall energy grid. Such dependencies influence 
aspects such as the degree to which the energy grid becomes 
more or less centralised, which in its turn is contingent on the 
existence of competitive distributed energy storage solutions.
The left of the network concentrates challenge areas where 
research and development often interface with the natural 
sciences, including the life sciences, physics and chemistry. 
For example, the clusters on the left associated with the chal-
lenges of clean energy materials, converting sunlight, carbon 
capture, and sustainable biofuels, are more frequently con-
nected with keywords that reference elements, molecules or 
natural processes, including terms such as graphene, com-
posites, fermentation, catalysts and nanotubes. This left side 
of the overall network can be divided further into an upper 
and a lower side. The upper side is mostly connected to dis-
ciplines such as material science, physics, nanotechnology 
and photonics. In turn, the lower side is connected to dis-
ciplines such as bioengineering, chemical engineering and 
bio-sciences. For example, within DTU’s R&D ecosystem, a 
large area of research on converting sunlight takes the form 
of advances in electrocatalysis and photocatalysis that are 
of interest for sustainable energy conversion and fuel pro-
duction. In terms of the different clusters and their mapping 
on to Mission Innovation challenges, energy materials are 
strongly connected to both energy storage and convert-
ing sunlight, making it hard to distinguish a clear unique 
boundary. This is due to the important enabling role that 
energy materials play in both challenge areas.  
In terms of the evolution over time of the topics associat-
ed with each of the eight challenges (right side of Figure 2), 
we can identify two groups: one group that contains records 
dating back to 2000, shown in the first five challenges from 
top to bottom; and a second group that contains the remain-
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ing three challenges from top to bottom, where the first re-
cords start appearing around 2008. Within each of these two 
groups, the patterns are relatively similar. With the excep-
tion of the heating and cooling of buildings, the first group 
is mostly connected to the challenges of energy production 
and storage. In turn, the second group is about the delivery 
of energy, using more efficient and effective grids, and the 
challenge of capturing CO2, not only to mitigate current 
emissions, but to reduce the overall accumulated stock of 
CO2. In this way, this temporal progression appears to follow 
a natural increase in ambitions and R&D investment at DTU.
Beyond the features for each region of the network and their 
dynamics reported above, it is important to note that the 
eight challenges are highly interconnected. The differences 
identified are changes within a spectrum, rather than fea-
tures that can be easily allocated to independent science 
fields or technologies. Research areas involved range from 
fundamental research on new energy materials and studies 
of metabolic pathways at the cellular level, all the way to 
the deployment of smart energy grids and the study of de-
cision-support systems to ease the adoption of best energy 
practices. Furthermore, we have shown that the eight chal-
lenges come together as part of an entire R&D ecosystem 
that allows sustainable energy to be developed and delivered 
at scale.
Conclusion and highlights
The data-driven exploration of DTU’s R&D ecosystem for 
sustainable energy solutions presented in this chapter pro-
vides a glimpse into the complex processes and interactions 
that allow us to research, design and deploy new energy 
solutions. It highlights the overall connectedness between 
the eight sustainable innovation challenges and the impor-
tance of applying a system perspective in connecting scien-
tific fields and technologies. Furthermore, the socio-tech-
nical characteristics of the knowledge and technologies 
required to move from research to real-world impacts are 
explicitly visualised. Evidence of this is shown through the 
integration into one and the same network that covers the 
spectrum of the natural and engineering sciences, as well as 
elements of the social sciences.
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